Bidirectional transport of intracellular cargo along microtubule tracks is the subject of intense debate in the motility field. In the present review, we provide an overview of the models describing the possible mechanisms driving intracellular saltatory transport, taking into account current experimental results that may at first seem contradictory. We examine the phenomenon of saltatory motion, in an attempt to interpret the mechanistic debate in terms of the utility of saltatory motion.
Introduction
Molecular motors belonging to the kinesin, dynein and myosin families are responsible for transporting various intracellular cargoes along cytoskeletal filaments. These motors are exquisitely fine-tuned machines, utilizing the chemical energy from ATP hydrolysis to power conformational changes that drive motor stepping in a unidirectional manner. The thermodynamic efficiency (a measure of energy input to work output) is at least 40-60% for kinesin-1 [1] , as compared with ∼25% for a typical petrol (gasoline) automobile. However, an entirely different story is told when examining the motions of intracellular cargo by molecular motors. Rather than moving directly and with a constant velocity from point A to point B, organelles, proteins and nucleic acid complexes are typically transported by motors in a saltatory manner. This saltatory motion is characterized by a series of back-and-forth runs with numerous stops and starts. Given the efficiency of the motor proteins themselves, it seems counterintuitive that cellular cargo is transported in what appears to be a very inefficient way. In the present review, we address the possible functions and mechanisms of bidirectional intracellular cargo transport in the light of recent experimental and theoretical findings.
Saltatory motility might be similar to the searchand-capture mechanism used by microtubules to find chromosome kinetochores. During cell division, spindle microtubules bind to sister chromatids at the kinetochores through a process of continual polymerization and depolymerization until the microtubule correctly navigates (perhaps in a facilitated manner) to a kinetochore (for reviews, see [2] [3] [4] [5] ). Perhaps bidirectional motility is similar to the search-and-capture method, and cargo is not directed towards its destination and randomly wanders the cell until it 'hits' the destination and is captured by its target. One of the most well-studied systems in which bidirectional motility has been documented is the melanocyte cell [6] , a pigment-producing dendritic cell whose function is to deliver pigment to keratinocytes in hair and skin [7, 8] . Melanosomes, the organelle responsible for the manufacture of pigment, were observed to move bidirectionally along microtubules in dendritic processes [6] . However, bidirectional microtubule-based motility in mouse melanocytes could not explain the peripheral distribution of melanosomes. It was shown that myosin Va is required for the melanosomes to accumulate in the tips of dendrites by capturing melanosomes when they encounter peripheral actin at the tips of dendrites [6] . Further evidence to suggest that target capture may play a role in regulating motility comes from Guillaud et al. [9] , with the demonstration that CaMKII (Ca 2 + /calmodulin-dependent protein kinase II) located near the synapse 'catches' the NMDA (N-methyl-D-aspartate) receptor by phosphorylating the kinesin KIF17 motor and causing NMDA to be released at the synapse [9] .
The idea for proofreading as a function of bidirectional motility comes not from the motility field, but from other examples of saltatory motion in Nature. Polymerases might be expected to replicate or transcribe nucleic acids in a unidirectional manner to speed up the processes and maintain strand specificity. However, polymerases sometimes need to backtrack slightly as a part of the proofreading process, to remove the incorrect nucleotide and replace it with the correct one. RNA polymerases do just this, backstepping one position if an error occurs (reviewed in [10] ). DNA polymerases, which have 3→5 exonuclease activity, do not require backstepping to excise the incorrect nucleotide. Like RNA polymerases, the bidirectional motility observed in cargo transport may be necessary for proofreading (i.e. reaching the correct destination because the cargo is going astray).
Saltatory motion may simply be necessary to get through road blocks along crowded microtubule and actin tracks. Evidence for this model is supported by finding that cargoes navigate around actin-microtubule junctions [11, 12] and use a combination of motor types to do so. Microtubule-associated proteins can act as road blocks by blocking all or some molecular motors from walking along microtubules [13, 14] ; for example, tau can selectively block kinesin transport without affecting dynein transport along microtubules [15] . In the context of a highly crowded cytoplasm, the ability to move around multiple barricades may be facilitated by opposite-polarity motors to navigate bidirectionally along microtubules, and side-stepping momentarily on to actin filaments with the use of myosin.
Cytoskeletal filaments themselves may partition cargo into discrete locations in order to increase the effective concentration and the likelihood of cargo interactions. There is some evidence that particular motor proteins may preferentially walk along certain subpopulations of microtubules defined by their post-translational modifications [16] [17] [18] [19] [20] [21] [22] . These cytoskeletal subdomains may cause a particular motor to bypass the majority of available filaments until it reaches its preferred track type. In this case, the cytoskeleton is the source of cellular compartmentalization allowing particular cargoes to interact. For example, recent data suggests that endoplasmic reticulum and mitochondria interact as a result of their association with a subpopulation of acetylated microtubules [22] .
Mechanistic basis for bidirectional motility
If the motors themselves are largely unidirectional, how does the bidirectional motility phenomenon arise? Because of the counterintuitive nature of stochastic transport, the mechanism behind bidirectional motility has become arguably the hot topic in the transport field in the last 5-10 years. A handful of models have been offered as hypotheses in the literature, and each of these models can be supported by select experimental results. In our opinion, the greatest source of confusion in the field is that people compare different systems under the assumption that because the motor proteins themselves are highly conserved, the mechanics of bidirectional motility must also be universally conserved. This is not to say that there is evidence for every model. Recent experimental and theoretical work has clarified and allowed the maturation of each of these models for the underlying mechanisms driving stochastic bidirectional transport.
The models presented to date in the literature can be classified as follows. The first model is a tug-of-war between opposite-polarity motors. This model was initially understood as resulting in a stationary cargo caught in the middle of a battle between opposite-polarity motors in cases of equal pulling forces. This model could be further dissected into two distinct mechanisms: a model in which recruitment of new motors of a given polarity dictates a change in directionality of motion ( Figure 1A ), and a model in which the number of opposite-polarity motors remains constant, but some sort of cross-talk between opposite-polarity motors prevents cargo from being caught in an immobile state ( Figure 1B) . As a result of this framework, a great deal of effort was put into technically challenging experiments aimed at quantifying the number of each motor type bound to a single organelle at any given time, and to correlate the number of motors bound to the directionality of organelle movement.
Recent theoretical work by Müller et al. [23] challenged some of the assumptions regarding a tug-of-war model. Specifically, the authors demonstrated that a tug-of-war mechanism inherently leads to saltatory motion [23] . Rather than resulting in cargo moving in only one direction or not at all, tug-of-war actually causes cargo to transition between plus-and minus-end-directed runs, with pauses in between. The basis for this lies in the stall/detachment ratio for each type of motor involved. This theoretical study is consistent with the motility of peroxisomes in vivo, which were found to have constant velocity no matter the direction of movement [24] . If opposite-polarity motors are pulling simultaneously, it was hypothesized that the velocity would diminish before a change in direction. Our findings suggest that this is not the case. It therefore appears that tug-of-war between molecular motors may not resemble a favourite childhood game.
There are a few systems that are likely to use the mechanism of motor recruitment for bidirectional motility regulation. Unique to this model is the requirement that opposite-polarity motors are not always simultaneously attached. Furthermore, motor attachment must lead to a change in transport direction. Given this mechanism, disruption of one polarity of motor [for example, by silencing kinesin-1 using RNAi (RNA interference)] must result in extreme phenotypes (dispersed or aggregated cargo). To our knowledge, the only example of bidirectional motility that fulfils the above requirements is early endosome movement in the fungus Ustilago maydis [25] .
There are numerous examples of cellular cargoes that are transported bidirectionally and retain relatively constant numbers of opposite-polarity motors bound. Endosomes, melanosomes, mitochondria and axonal transport vesicles all co-purify with members of both the dynein and kinesin motor families [9, [26] [27] [28] [29] [30] . The bidirectional motility of frog pigment granules and mammalian endosomes can be reconstituted in vitro using purified organelles and in vitro polymerized microtubules [26, 27] . This shows that all of the components necessary for bidirectional motility (i.e. the motors of both polarities) are already present on the organelle. Moreover, the number of opposite-polarity motors bound to melanosomes and mitochondria remains constant, even when the time the organelle spends making plusend runs compared with minus-end runs changes [28, 29] . Tug-of-war dictates the direction of movement of the organelle, and the motors engage in a form of cross-talk such that neither motor can walk independently of the other motor. This model attempts to explain the observation that, in many systems, disruption of one motor also abolishes the activity of the opposite-polarity motor. (C) A co-ordinating complex dictates the directionality of motion. Tug-of-war does not occur in this model, and the activity of each motor is dependent upon the signal from the co-ordinating complex. (D) A stochastic mechanism determines the direction of motion, and opposite-polarity motors compete for cargo motility. The net direction of movement is a result of regulated motor activation and/or inactivation by binding partners or post-translational modifications of the motors themselves.
Detailed investigations into the number of motors bound to individual axonal transport vesicles using photobleaching and quantitative Western blotting revealed that low, but similar, numbers (one to five) of dynein and kinesin proteins are, on average, present on a single vesicle [30] . The above evidence strongly suggests that, in many systems, motors of opposite polarity are present simultaneously and stably on the same organelle.
The second model for bidirectional motility is a coordinated mechanism that does not rely on the motors themselves to battle it out in deciding the fate of the cargo, but instead depends on an external master co-ordinating complex that would be capable of directing transport by turning on kinesin motors at the same time as turning off dynein motors, or vice versa ( Figure 1C ). This type of coordinator was presumed to override the necessity for a tug-ofwar battle between opposite-polarity motors, or at least to act as the switch between plus-and minus-end-driven transport. Recent work in our laboratory suggests that such an external master regulator probably does not exist. Replacement of kinesin-1 or cytoplasmic dynein with a variety of other motor domains was able to rescue motility to various degrees depending upon the strength of the replacement motor [31] . If a switch protein exists, it would not be expected to bind all of the replacement motors given the high variability in the structures and sequences, and the replacement motors would not be able to rescue motility.
However, a stochastic model alone cannot account for the remainder of the known cases of bidirectional motility, even if a mechanical form of cross-talk inherent to the motors dictates a change in direction. This is because another attribute of the majority of bidirectionally moving cargo, especially cargo carried by the kinesin-1 and dynein motors, is that the disruption or inactivation of one polarity motor causes the opposite-polarity motor to be rendered inactive, resulting in stationary cargo [32] [33] [34] [35] [36] [37] [38] [39] [40] . For example, inhibition of dynein in melanophore cells resulted in the inactivation of both dynein and kinesin, without affecting the binding of either motor to the melanosome [41] . In these cases, oppositepolarity motors require one another for motility and do not compete. An explanation for this may be that motors of different polarity share a common component [dynactin, JIPs (c-Jun N-terminal kinase-interacting proteins), etc.]. In this case, even though the general mechanism is stochastic, affecting this component can inhibit both directions. In fact, in many cases, there is an orderly transition between the plus-and minus-end bias (i.e. melanosomes in Xenopus melanophores and Drosophila lipid droplets). In this case, there might be a regulator that can change the behaviour of one or both motors ( Figure 1D ). Therefore we might rethink the transport models as we gain a better understanding of the mechanisms by which motors themselves are regulated, including the signalling cascades that trigger cargo dispersion or aggregation in various systems.
The data to date, however, strongly support a kind of stochastic model, in which opposite-polarity motors pull in their respective directions in a form of tug-of-war along the lines of the theoretical study described by Müller et al. [23] , but, in addition, the motors are subject to specific regulatory mechanisms. The type of regulation will vary depending upon the particular system and the motors involved.
The field of intracellular transport is progressing rapidly with the use of increasingly sophisticated microscopic approaches and experimental designs. The use of multiple model systems contributes greatly to our understanding of the ways in which cells regulate bidirectional motility. Although a clear understanding of the molecular basis for bidirectional motility is on the horizon, it seems appropriate to appreciate the existence of this strange phenomenon, and to understand the utility of saltatory motion.
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